The ribosome is a highly charged complex comprising RNAs and proteins. Results: Ribosomal proteins exhibit low hydrophobicity and a significant degree of intramolecular charge segregation. Conclusion: The majority of ribosomal proteins from all organisms, particularly halophiles, use intramolecular charge segregation to minimize electrostatic repulsion with rRNA. Significance: The electrostatic properties of ribosomal proteins are important for ribosome stability, assembly, and interaction with translation factors and nascent proteins.
Several crystal structures of large and small ribosomal subunits became available over the past decade (1) (2) (3) (4) , providing the opportunity to examine the peculiar features of ribosomal RNA and proteins at atomic resolution. As a result, the last few years (5, 6) have witnessed unprecedented progress on the structural and functional analysis of ribosomal proteins (7, 8) and the mechanism of ribosome assembly (9, 10) .
The electrostatic properties of ribosomal proteins, however, have not been explored in detail despite their fundamental importance for ribosome assembly, stabilization, and interaction with cellular proteins, molecular chaperones, co-translational modification agents the newly synthesized nascent chain during translation, and ions of different nature (9, (11) (12) (13) .
Here, we focus on the electrostatic properties of ribosomal proteins from 10 organisms: three from Bacteria (Escherichia coli, Thermus thermophilus, and Deinococcus radiodurans), two from Eukaryota (Saccharomyces cerevisiae and Tetrahymena thermophila), two from non-halobacterial archaea (Methanothermobacter thermautotrophicus and Sulfolobus solfataricus), and three from the Halobacteria class of the Archaea domain (Haloarcula marismortui, Halalkalicoccus jeotgali, and halophilic archaeon DL31). The physiological medium of ribosomes from the former three groups includes moderate salt content (i.e. ϳ150 mM), whereas the environment of archaeal ribosomes from halophilic organisms is characterized by much higher salt concentrations up to 2-5 M (14) .
Because of the high salt content of the physiological environment, the isoelectric point (pI) of proteins from halophiles is known to be generally lower than the pI of proteins from nonhalophilic organisms (15, 16) . In other words, the proteome of halophiles is dominated by biomolecules with a net negative charge at physiological pH. This property is manifested in the high abundance of Asp and/or Glu in proteins from halophilic organisms (14) . These residues are most effective at capturing hydration water in solution (17) . Hence, high populations of Asp and Glu enable proteins from halophiles to successfully compete with the high bulk salt content for protein hydration. Surprisingly, it is not known whether the above trend toward negatively charged proteins is also specifically followed by the corresponding ribosomal proteins from halophiles. Given that the function of ribosomal proteins relies on a close interaction with the highly negatively charged rRNA, it is not clear how a stable assembly could result from the interaction between highly negatively charged particles. In addition, the general electrostatic features of ribosomal proteins from all organisms are not well understood, and it is not known whether they share any common properties.
Our motivation to address the above questions is 3-fold. First, the electrostatic properties of the ribosome, its surface, and its proteins affect how the ribosome interacts with other proteins and various co-solvents and ions in solutions (11, 12) . Second, electrostatic properties of the ribosomal surface and of surfaces of ribosomal proteins may help select appropriate nascent chains for co-translational protein folding studies. Third, knowledge on the physical features of ribosomal proteins contributes to our understanding of RNA-protein interactions within the ribosome.
We found that ribosomal proteins from halophilic bacteria have a higher percent of low pI, acidic proteins than ribosomal proteins from non-halophilic organisms. We also show that the majority of ribosomal proteins from a variety of organisms exhibit a large degree of intramolecular charge segregation, and the extent of this charge segregation is larger in the case of ribosomal proteins from halophiles. This property supports tight binding to ribosomal RNA and better hydration of the solvent-exposed side of ribosomal proteins. Better hydration is anticipated because a high density of solvent-exposed negative charges is known to effectively compete for water synergistically with the RNA phosphate groups on the ribosomal surface (14, 17, 18) . Importantly, our analysis shows that charge segregation is a general property of ribosomal proteins from all species, although this effect is particularly pronounced in ribosomal proteins from halophiles.
EXPERIMENTAL PROCEDURES
Organisms Studied in This Work-Several organisms were chosen for the analysis of ribosomal proteins. Table 1 summarizes the organism names and database resources. Protein sequences and structures were obtained from the UniProt Knowledgebase (19) and the Protein Data Bank (20) , respectively.
Determination of Charge-and Hydrophobicity-related Parameters-pI values of each ribosomal protein were determined with the ProtParam tool (21) . The percentage of negatively charged (i.e. low pI) proteins in various proteomes was estimated based on the bimodal distribution of the pI (15) of all species except for E. coli. The fraction of negatively charged proteins in the E. coli proteome was calculated from the "pI bias" value of Ϫ27% (15) . The relationship between pI bias and percentage of negatively charged proteins is defined by Equation 1.
% negatively charged proteins ϭ 100% Ϫ pI bias 2
The mean net charge per residue (MNC) 3 of each protein was determined by dividing the total net charge by the number of amino acids. Charges of ϩ1, ϩ1, Ϫ1, and Ϫ1 were assigned to Arg, Lys, Asp, and Glu, respectively. The charges of all other amino acids were regarded as negligible at the physiological pH of 7.4.
The hydrophobicity of individual residues was estimated according to Kyte and Doolittle (22) from hydropathy values, which are based upon water vapor transfer free energies and the interior-exterior distribution of side chains in proteins. Hydropathies were normalized on a scale from 0 to 1. The mean hydrophobicity per residue (MH) of each protein is defined as the sum of the normalized hydropathies of all amino acids divided by the total number of residues.
Following the criteria established by Uversky at el. (23), proteins can be grouped into natively folded and intrinsically disordered (IDP) proteins upon plotting the dependence of MNC on MH. The line separating the natively folded from the natively unfolded classes is defined according to the following expression (24) .
To take into account the inherent uncertainties of the above predictions, Oldfield et al. (24) proposed to use the two relations below that take into account the presence of boundary regions with uncertain structural classification. where AA denotes an individual amino acid. Changes in AA were assessed for both ribosomal and cellular proteins. The %AA data for the cellular proteins were taken from Rao and Argos (25) .
Computation of Electrostatic Surface Potential-Protein Data Bank files were converted to PQR files with PDB2PQR software (26, 27) . PQR files were used as input for electrostatic potential calculations using the Adaptive Poisson-Boltzmann Solver (APBS) software package developed by Baker et al. (12) . Electrostatic surface potential calculations were performed by solving the linearized Poisson-Boltzmann equation (28) . In general, the linearized Poisson-Boltzmann equation is not valid for very highly charged systems, and presumably the ribosome belongs to this class given its large surface charge density. However, a rigorous solution of the nonlinear Poisson-Boltzmann equation is challenging in the case of the ribosome due to, for instance, uncertainties in the local concentration of divalent cations like Mg 2ϩ and putrescine 2ϩ and the variable dielectric constant at the ribosomal surface (11, 30) . Nonetheless, we also performed electrostatic surface potential calculations with the nonlinear Poisson-Boltzmann equation (28) , and we obtained results equivalent to those of the linearized Poisson-Boltzmann equation calculations (data not shown). The ribosome was treated as a dielectric continuum with dielectric constant 2.0 embedded in a solvent of dielectric constant 78.0. All calculations used a 150 mM sodium chloride concentration. In Figs. 3 and 6, surfaces are colored so that blue denotes regions of positive potential (Ͼϩ1 k B T/e unless otherwise stated) and red denotes regions of negative potential (ϽϪ1 k B T/e unless otherwise stated). k B T is 4.11 ϫ 10 Ϫ21 J at room temperature where k B is the Boltzmann constant in J/Kelvin (K), T is the temperature in K, and e is the charge of a single electron in coulombs. Table 2 lists the parameters used in the electrostatic calculations. Electrostatic surface potentials were viewed with the PyMOL software package (31) equipped with the APBS plug-in.
Computation of Extent of Charge Segregation-The average extent of charge segregation in ribosomal proteins was quantitatively assessed by first determining the solvent-accessible surface area (ASA) of the charged functional groups of Asp and Glu (COO Ϫ ), Lys (NH 3 ϩ ), and Arg (NH-C ϩ (NH 2 ) 2 ) of each of the 50 S ribosomal proteins embedded in the ribosome. The total surface area (Total SA i ) due to either positively or negatively charged (i ϭ ϩ, Ϫ) groups and the corresponding percentage of solvent-accessible charged surface area (%ASA i ) of each ribosomal protein were assessed as follows.
and
where j denotes each of the positively or negatively charged groups, r probe denotes the radius of a rolling sphere probe, and the parameter Total ASA i denotes the total positively or negatively charged surface area that is exposed to the solvent in each ribosome-embedded protein. The resulting %ASA i values were averaged over all ribosomal proteins of any given species to yield %ASA i . For each ribosomal protein, SA i and ASA i values were computed with the NACCESS 2.1.1 software package (32) . Simple Python scripts were written to eliminate incompatibilities between the APBS and NACCESS output files. The NACCESS algorithm uses the rolling ball approach of Lee and Richards (33) to calculate ASA. The radius of the rolling sphere probe r probe was set to 1.4 Å.
RESULTS AND DISCUSSION
Role of Net Charge-We analyzed all available proteins from the large ribosomal subunit of the ribosomes from E. coli, T. thermophilus, D. radiodurans, S. cerevisiae, T. thermophila, M. thermautotrophicus, S. solfataricus, H. marismortui, H. jeotgali, and halophilic archaeon DL31 in terms of pI and MNC. The UniProt Knowledgebase (19) served as a source of sequence information. MNC values were then computed (see details under "Experimental Procedures"). Our work focuses on proteins from the large ribosome subunit because data from the small subunit were too scarce, i.e. often entirely unavailable or missing large fractions of proteins.
As shown in Table 3 , ribosomal proteins from non-halophiles and extreme halophiles have distinct characteristics. Specifically, ribosomal proteins from non-halophilic organisms have a large percentage of high pI proteins, ranging from 86 to 100% (Table 3) . High pI proteins are positively charged at physiological pH. Hence, this trend is consistent with the fact that ribosomal proteins experience strong electrostatic interactions with the highly negatively charged ribosomal RNA (6) . This is a peculiarity of ribosomal proteins given that the percentage of high pI proteins in the corresponding entire proteomes of nonhalophiles fluctuates between 27 and 60%, leaning toward a high abundance in acidic (i.e. low pI) proteins. Conversely, ribosomal proteins from extreme halophiles have on average a much lower pI; i.e. they are much more acidic than ribosomal proteins from non-halophilic organisms. The ratio of low pI to high pI ribosomal proteins from halophiles is ϳ2:1. This trend is consistent with the general properties of the proteomes of halophilic organisms, which are dramatically shifted toward low pI values (15) .
MNC values averaged over all the ribosomal proteins in the large ribosomal subunit of each species are also shown in Table  3 and are consistent with the pI trends. MNC values are positive for ribosomal proteins from non-halophiles and negative for those from halophiles.
The high degree of acidity of proteins from halophiles arises as a natural response to the high salt concentration of the physiological medium (14, 34) . Acidic proteins have a larger fraction of negatively charged amino acids at the physiological pH of 7.4, i.e. Asp and Glu. Proteins with a high Asp and Glu content are more hydrated (17) than proteins from non-halophilic organisms, which have a lower Asp and Glu content (14) . The presence of highly hydration-prone residues in proteins from halophiles results from the need to compete with the high salt content of the medium to maintain an effective hydration shell. Conversely, proteins from organisms that live under conventional salt concentrations (i.e. ϳ150 mM) are not as pressed to compete for hydration water (14, 17, 25, 35) .
Considering the above arguments, the presence of a substantial percentage of positively charged high pI ribosomal proteins (30 -34%) in high salt environments is intriguing. This value is considerably larger than the percent of high-pI positively charged proteins from the corresponding entire organism, which is only 3-8% (36, 37) (Table 3) . Indeed, the pI distribution of the entire proteome of extreme halophiles, averaged over several exponents of this class, is known to be dramatically shifted toward low pI values (15) . We suggest that the relatively high abundance of positively charged ribosomal proteins in halophiles results from the necessity to ensure effective binding to rRNA together with the need to prevent excessive protein destabilization caused by electrostatic repulsion in negatively charged proteins (38) .
At this juncture, it is not clear how the high pI positively charged ribosomal proteins from halophiles can be successfully biosynthesized and survive in the high salt medium before being incorporated into the ribosome given the difficulties in being properly hydrated. It is possible that these proteins may remain associated with the ribosome during biosynthesis before being assembled within a new ribosome. Alternatively, they may become co-or post-translationally associated with a specific negatively charged molecular chaperone before participating in ribosome assembly. More research is needed to address this topic experimentally.
Role of Hydrophobicity-To explore the nonpolar content of ribosomal proteins, we plotted the MH as a function of pI for ribosomal proteins from different organisms. Fig. 1 shows that ribosomal proteins from halophiles exhibit a dramatic shift toward a low pI, consistent with Table 3 . Fig. 1 also shows that, regardless of organism type, the hydrophobicity of high pI ribosomal proteins is generally lower than that of low pI proteins. This trend may have evolved in response to the need to effectively penetrate the rRNA during ribosome assembly (9, 18, 39, 40) . Remarkably, the nonpolar content of ribosomal proteins from halophiles is lower than that of ribosomal proteins from non-halophilic organisms even at low pI values, suggesting a general role of low hydrophobicity in ribosomal proteins from halophiles. We further explored the role of hydrophobicity by plotting the MNC versus MH of ribosomal proteins from 10 different species in Fig. 2 . Relative MNC and MH values are excellent predictors of the most highly populated state of proteins (ordered, partially ordered, or fully disordered) under physio-logical conditions (23) . For instance, many IDPs have a high net charge (leading to strong charge-charge repulsion) and low hydrophobicity, resulting in an insufficient driving force for autonomous folding (28) . Chen et al. (41) suggested that ribosomal proteins contain conserved regions of predicted disorder. Fig. 2 , A-C, show Uversky-type plots of ribosomal proteins from seven non-halophilic organisms, and D shows the corresponding plots for proteins from halophiles. The solid line represents the putative discriminating edge between IDPs (to the left) and independently folded (to the right) proteins based on prior work from Uversky and co-workers (23, 24) . Regions enclosed within the dashed lines correspond to proteins from either structural class (24) .
Inspection of Fig. 2 and Table 4 reveals a number of trends. First, the fraction of low MH ribosomal proteins from halophiles is somewhat lower than that of non-halophiles. This observation parallels the fact that the MH of the entire proteome of halophilic organisms is lower than that of non-halophilic species (34) .
Second, the third column of Table 4 shows that all ribosomes have a significant fraction of IDPs, confirming the general importance of disorder in ribosomal structure and assembly (41) . Furthermore, the fourth column of Table 4 shows that, whereas the ribosomal proteins falling within the independently folded region vary between ϳ5 (T. thermophila) and 30% (E. coli) for non-halophiles, only ϳ0 -3% of the proteins from the halophiles are independently folded.
Third, ribosomal proteins from non-halophiles are largely positively charged (MNC Ͼ 0), whereas ribosomal proteins from halophiles are comparably distributed between negatively and positively charged ( Fig. 2 and Table 4 ).
Fourth, Fig. 2 shows that negatively charged ribosomal proteins, predominantly found in halophiles, display fewer IDPs as well as fewer independently folded proteins than positively charged ribosomal proteins. This result is consistent with the previously reported coexistence of ordered and disordered regions with negatively and positively charged character, respectively, in the ribosomal proteins of the H. marismortui halophile (6, 18, 41) .
The latter observation suggests that positively charged disordered ribosomal proteins or protein regions may prefer to be embedded within the negatively charged rRNA-rich core of the ribosome. This led us to hypothesize that there may be some degree of surface charge segregation in ribosomal proteins. To test this hypothesis, we calculated and visualized the electrostatic surface potential of the E. coli and H. marismortui 50 S ribosomal subunits with the APBS software package. Fig. 3 illustrates the results. Ribosomal proteins make up ϳ40% of the molecular weight of the ribosome (5) . In non-halophilic organ-isms, these proteins have a pI ranging from 9 to 12. Thus, if the surface charge of the 50 S ribosomal proteins were randomly distributed, then E. coli ribosomes would be expected to display a much larger fraction of positively charged blue regions arising from the protein portion of the 50 S subunit. Moreover, the E. coli 50 subunit would be expected to be much more positively charged than the corresponding subunit of the H. marismortui MARCH 7, 2014 • VOLUME 289 • NUMBER 10 ribosome given the previously discussed pI of the respective proteins. However, we only observed moderate differences in the surface charge of the ribosomes from the two species (Fig.  3) . This finding supports the hypothesis that charge is ubiquitously segregated in ribosomal proteins from different organisms and that the bulk of the positive charge due to proteins may be buried inside the ribosome. This concept is pictorially represented in Fig. 4 and will be further explored below. Amino Acid Content of Ribosomal Proteins-To better understand the origin of the shifted MNC and MH values discussed before, we studied the specific amino acid composition of ribosomal proteins from halophilic and non-halophilic organisms. Fig. 5 shows that the increased acidity of the ribosomal proteins from halophiles is due to an increase in the percentage of aspartates and glutamates and to a decrease in the percentage of lysines. Interestingly, the percentage of arginines increases slightly. Fukuchi et al. (34) showed that, in the entire proteome of halophiles, the probability of finding solvent-exposed (as opposed to buried) negatively charged residues is higher by 1.7-fold for halophiles than for non-halophiles. In contrast, the corresponding probability for positively charged residues is only 1.1-fold higher for halophiles (34) . This observation points to the importance of solvent-exposed negatively charged residues in halophiles. The abundance of these residues and their contribution to surface hydration have already been discussed in previous sections.
Electrostatic and Nonpolar Properties of Ribosomal Proteins
Leucine, isoleucine, and valine contribute the most to the overall hydrophobicity of a protein (22) . The fraction of these residues in ribosomal proteins is lower than in non-ribosomal proteins ( Fig. 5) . At high concentration of the salts that are abundant in the halophilic intracellular medium (e.g. K ϩ salts (11)), Hofmeister effects cause an increase protein stability (43) in part due to a strengthening of the hydrophobic effect (14, 44) . The lower content in nonpolar residues of ribosomal proteins from halophiles may therefore be dictated by the need to bring the thermodynamic stability of these proteins down to nonhalophilic values. The large decrease in Lys content (relative to a slight increase in Arg) may be a consequence of the higher hydrophobicity of the Lys side chain (46) . Conversely, the moderate increase in the Arg content of ribosomal proteins from halophiles may be due to the low nonpolar character of this residue (14, 25) . The overall trends in amino acid composition of ribosomal proteins of halophiles and non-halophiles are similar to those of the corresponding entire proteomes (14) .
Charge Segregation of Ribosomal Proteins-Very little is known about the charge distribution of ribosomal proteins and its relation with the highly negatively charged rRNA. This topic is particularly intriguing in the case of ribosomal proteins from halophiles because of their high abundance in negative charges.
Given that the charge density of rRNA is nearly identical across halophilic and non-halophilic organisms, rRNAs from different organisms are likely to interact similarly with ribosomal proteins. However, how do negatively charged ribosomal proteins cope with such a highly negative rRNA charge density in their proximity? We hypothesize that a major characteristic feature of ribosomal proteins from all organisms is the presence of charge segregation. This property serves the purpose of preserving effective binding to rRNA despite their difference in overall net charge. For instance, it is known that some ribosomal proteins of H. marismortui have long positively charged extensions penetrating deep into the RNA during ribosomal assembly (18, 40) .
As an initial qualitative estimate of the extent of charge segregation in the large ribosomal subunits, we inspected the surface electrostatic potential of ribosomal proteins for the presence of distinct patches of positive and negative charge density. Rao and Argos (25) . No data are available for the asparagine (N) and glutamine (Q) content of cellular proteins. Data were generated from the amino acid sequences of ribosomal proteins from seven non-halophilic and three halophilic organisms (details are given under "Experimental Procedures"). surface potential of low and high pI proteins from halophilic (H. marismortui) and non-halophilic (E. coli) organisms. The presence of significant charge segregation is evident in the images. Furthermore, as shown in Table 5 , charge segregation is detected in the majority (62-100%) of ribosomal proteins from both halophiles and non-halophiles. Importantly, this property is not limited to the nonglobular extensions, as had been proposed by Klein et al. (18) , but is also manifested by the presence of extensive negatively and positively charged patches on the surface of globular proteins. The small number of available proteins that could be used to generate the data in Table 5 (high resolution three-dimensional structures were required) prevents a quantitative evaluation of the statistical significance of charge separation across different organisms. Despite this limitation, the data in the last column of Table 5 suggest that proteins from halophiles may exhibit more charge segregation than proteins from non-halophiles.
A more quantitative characterization of the extent of charge segregation was carried out by computing the fraction of ASA of the charged groups of Asp and Glu (COO Ϫ ), Lys (NH 3 ϩ ), and
Arg (NH-C ϩ (NH 2 ) 2 ) of 50 S ribosomal proteins embedded in the ribosome. Table 6 shows the results for proteins from five organisms: E. coli, T. thermophilus, D. radiodurans, S. cerevisiae, and H. marismortui. It is clear that, for all species examined, the fraction of negatively charged ASA is much higher (average value, 75-86%) than the fraction of positively charged ASA (average value, 49 -59%). The difference is especially pronounced in proteins from the halophilic H. marismortui. This result confirms the hypothesis that charge segregation is a property of ribosomal proteins. In summary, the data in Table 6 show that the negative charge of ribosomal proteins preferentially points toward the solvent-accessible region, consistent with the schematic in Fig.  4B . In addition, ribosomal proteins from halophiles exhibit a stronger degree of charge segregation than ribosomal proteins from non-halophiles, consistent with the model in Fig. 7 .
How Does the Ribosome Cope with Surface Negative Charges Contributed by Both rRNA and Ribosomal Proteins?-Given the presence of charge segregation (leading to high solvent exposure of negative charges) in ribosomal proteins, it is important to ask how the ribosome may cope with the high surface density of negative charges contributed by both rRNA and ribosomal proteins.
A high salt environment often leads to an increase in the pK a of aspartate and glutamate from ϳ3 and ϳ4 at 5 mM NaCl to 4.9 (48, 49) . This effect contributes to decrease the destabilizing effect of charge repulsion among negatively charged residues (38) within solvent-exposed regions of ribosomal proteins. In addition, the pK a of both acidic and basic residues may increase due to RNA-protein proximity (28) . This prediction leads to an expected lowering in the negative charge near aspartates and glutamates and increasing positive charge near lysines and arginines, leading to additional stabilizing effects. In addition, just like all nucleic acids (e.g. double-stranded DNA), the ribosomal surface is surrounded by a counterion layer whose concentration is very high (given the high surface charge density) regardless of the bulk salt concentration (50) . This phenomenon is known as the polyelectrolyte effect (51) (52) (53) (54) . The layer of counterions shields repulsive interactions via coulombic interactions and, at the high bulk salt concentrations of the halophilic media, exerts an additional stabilizing role via Hofmeister effects (43) .
Hence, based on the above information on the known behavior of nucleic acids and charged residues in proteins, we propose that ribosomes from non-halophilic organisms have layers of counterions of a composition fairly similar to that of ribosomes from halophiles. Hence, regardless of the bulk salt content, the ribosomal surface may maintain an overall similar surface microenvironment to properly sustain all interactions essential for biological activity (54) . This concept is pictorially illustrated in Fig. 7 .
Finally, the L7/L12 stalk ribosomal proteins (55) are to be regarded as a special case. These proteins are not embedded within the ribosome, and they are not directly bound to rRNA. They associate with the ribosome via rRNA-bound accessory proteins. The L7/L12 proteins are also highly dynamic because of their peculiar functional role in translation, i.e. to bind translation factors as they approach the ribosome and to promote GTP hydrolysis. As shown in Fig. 6 , the L7/L12 proteins exhibit some degree of charge segregation. However, supplemental Tables 3-5 show that the solvent-exposed regions are not always preferentially exposing negative charges in different organisms. The meaning of charge segregation in the L7/L12 proteins is not well understood yet, and it likely does not fall within the trends discussed in this work.
Conclusion-In summary, ribosomal proteins are generally characterized by a high pI and a net positive charge at physiological pH. However, ribosomal proteins from extreme halophilic organisms are overall more negatively charged, less hydrophobic, and have an overall slightly less ordered character than those from non-halophiles. In other words, the overall MNC and MH values are lower for ribosomal proteins from halophiles than those from non-halophiles. The latter findings for halophiles parallel the hydrophobicity trends of the corresponding halophilic proteomes. On the other hand, ribosomal proteins from halophiles have a higher percentage of high-pI proteins than the corresponding proteomes. This trend suggests that, despite their largely negatively-charged proteome, halophiles retain some positively charged proteins in the ribosome to preserve its integrity.
How can the highly negatively charged ribosomal proteins of halophiles be compatible with close interactions with the highly negatively charged rRNA? Importantly, we found that a large fraction of ribosomal proteins experiences charge segregation with positively charged regions buried within the rRNA and negatively charged regions exposed to the solvent. Interestingly, while halophiles have a higher fraction of charge-segregated proteins than non-halophilic organisms, intramolecular charge segregation is a common property of ribosomal proteins from a variety of species.
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